The paper presents the measured cumulative yields of 44 Ti for nat Cr, 56 Fe, nat Ni and 93 Nb samples irradiated by protons at the energy range 0.04-2.6 GeV. The obtained excitation functions are compared with calculations of the well-known codes: ISABEL, Bertini, INCL4.2þABLA, INCL4.5þ ABLA07, PHITS, CASCADE07 and CEM03.02. The predictive power of these codes regarding the studied nuclides is analyzed.
Introduction
Accumulation of 44 Ti data in different materials can be interesting for various areas of science and technology. For example, the 44 Ti activity in meteorites is used effectively in astrophysics to study the century-scale variations of solar activity [1, 2] . Natural titanium is also considered as the basic component of the developing low-activated V-Ti-Cr alloys of structural materials for advanced fusion reactors, which should work effectively in conditions of high neutron fluxes and high temperature regimes. 44 Ti will be important component of the long-lived residual radioactivity of such materials that will transform in the dominated one after about 3 years of a cooling-down time [3, 4] . This paper presents the study of the cumulative production cross-sections of 44 Nb have been determined. However, due to the high activity of the irradiated samples and the low energy gamma-lines from 44 Ti, the excitation function of this nuclide has not been determined in the previous measurements. In order to obtain it, the measurements of gamma-spectra for the previously irradiated samples of that allowed us to identify 44 Ti quite confidently by its distinctive gamma-lines.
Methodology
The gamma-ray spectra measurements of residual nuclei were performed by a spectrometer consisting of a low-energy Ge detector of the GUL0110 type with a resolution of 500 eV at the 57 Co gamma-line energy of 122 keV and the digital spectrum analyzer DSA1000. The absolute efficiency of the spectrometer was calibrated by means of the validated gamma-sources: 55 Ti, which were certified by the Mendeleev Institute for Metrology (St. Petersburg, Russia). An example of such calibration is shown in Fig. 1 . The background spectrum of the room in which the measurements were carried out is shown in Fig. 2 Nb samples measured at about 7 years after irradiation are very similar to the shown one and differ only by some changes of the dominant lines intensities.
The methodology for determining the cross-sections of radioactive reaction products by means of the gamma-ray spectrometry is described in details in Refs. [5] [6] [7] . Because 44 Ti has only shortlived precursors (see Fig. 4 ), the formula for the cumulative production rate for the i-th gamma-line (i¼ 1, 2 for 67.868 and 78.323 keV lines, respectively) can be written as
where A i is the count rate of the corresponding gamma-line reduced to the end of an exposure and adjusted to a selfabsorption in the sample in accordance with the data of Ref. [9] ; N Tag is the number of nuclei in the sample, η i is the absolute yield of the gamma-line per decay of 44 Ti; ε i is the absolute efficiency of the spectrometer for the analyzed gamma-energy; λ is the decay constant of 44 Ti and t irr is the irradiation time (since t irr o o T 44 Ti 1=2 , a correction for 44 Ti decay during irradiation can be ignored).
The reaction rate of the 44 Ti production was determined for each gamma-line, therefore to calculate the average value of the 44 Ti cumulative production rate the Eq. (2) has been applied while Eq. (3) has been used to calculate the corresponding production cross-sections: Pb 
Experimental results
The obtained cross-sections for the 44 Ti production for all targets are summarized in Tables 1-4 together with their uncertainties. Nb targets. To compare the experimental data obtained by ITEP and other laboratories the mean-square deviation factor F h i has been considered, which closely corresponds to the widely-used statistical factors [18] :
Comparison with experimental results of other authors
where σ exp i
is the experimental data from [11] [12] [13] [14] [15] [16] ; σ ITEP i is the experimental results obtained by the ITEP group; N is the number of cross-sections used in a comparison. In the second form of Eq. and ΔðF Þ is the dispersion of this distribution. Both of them are described by the following expressions:
ΔðF Þ ¼ 10
The factors F and Δ F À Á are widely used under the classical statistical analysis of data. They characterize the systematic shift between two sets of data and the common spread of data, respectively. On the other hand, the formula (4) reduces a twoparameter consideration to a one-parameter description, which could be more convenient for a simplified comparison of data and a graphical representation of data discrepancies.
Since the proton energies of the experimental data obtained by ITEP and Refs. [11] [12] [13] [14] [15] [16] are not always coincided the ITEP data have been interpolated to the energies corresponding to [11] [12] [13] [14] [15] [16] . The values of F h i, F and ΔðF Þ calculated according to (Eqs. (4)-6) are shown in Table 5 .
Small deviations of the statistical factors from a unit show a good agreement ( r30%) between the ITEP results and the data of Refs. [11, 12, 15, 16] for iron and Ref. [12] for nickel. 
Comparison with model calculations
The production cross-sections of 44 Ti have been calculated using different versions of the intranuclear cascade model realized in the well-known codes: ISABEL, Bertini, INCL4.2 þABLA, INCL4.5 þ ABLA07, PHITS, CASCADE07, and CEM03.02. A brief overview of these codes is given in Refs. [18, 19] , and a detailed consideration of their main components can be found in the references collected in [5] . All these codes calculate the independent cross-sections of the residual nuclei while their cumulative production cross-sections must be calculated in accordance with the formulas presented in [5] . The calculated cumulative crosssections for the Table 6 The above statistical factors demonstrate that the discrepancy between the experimental results obtained in different laboratories is much lower than the discrepancy between model calculations and experimental data. The results of the INCL4.5 þABLA07 code look preferable over others and the CEM03.02 results show a similar quality for light targets but not for 93 Nb. This conclusion about the model codes correlated strongly with the general resume made before for a large amount of the high-energy excitation functions of the proton induced reactions [18] .
Conclusion
New experimental data on the production cross-sections of the long-lived radionuclide 44 Ti for main components of the structural materials can be especially interesting for the analysis of the residual activity of the accelerator-driven system equipment that will work in conditions of high protons and neutron fluxes. On the other side, these data can be also useful for the ongoing development of the transport codes widely used for many applications. The predictive accuracy of some code versions certainly needs essential improvements. 
